Abstract: Poly(p-dioxanone) (PPDO) and poly(ethylene succinate) (PES) prepolymers were reacted together using toluene-2,4-diisocyanate (TDI) as a chain extender to produce high molecular weight of chain-extended products of PPDO and PES (PPDOES) in a suitable reaction condition. The novel biodegradable polymers were characterized by 1 H-NMR, DSC, POM and WAXD. DSC measurement shows that PPDOES has only one T g , which means that PPDO has good compatibility with PES. Beside this, the glass transition temperatures and the melting temperatures of PPDOES increased with the increase of PES content. The crystallization rate of PPDOES was slower than that of PPDO as confirmed by DSC and POM. The diffraction peaks of PPDOES appear at the same 2θ angles as that of homopolymers, suggesting that PPDO and PES segment of the chainextended products reserve their own crystallization form. The results of thermal oxidative degradation show that chain-extended products have better thermal stability than PPDO.
Introduction
Poly(1,4-dioxan-2-one) or poly(p-dioxanone), PPDO, is a well-known aliphatic polyester having good physical properties and bio-compatibility, and has been used to make monofilament sutures with good tenacity and knotting [1] . The raw material that is used to produce PPDO, p-dioxanone (PDO) can be obtained by a simple production process from diethylene glycol using some efficient catalysts, making it inexpensive and available at present. Hence, PPDO is viewed as a candidate not only for medical use, but also for universal uses such as films, molded products laminates, foams, non-woven materials, adhesives, and coatings [2] . However, due to its low ceiling temperature [3] [4] [5] (Tc =265 ºC), the thermal processing such as extruding, molding and spinning will cause significant thermal degradation of PPDO. Therefore, the use of PPDO as bulk material is hampered by its poor melt stability. Several literatures had focus on the thermal stability of PPDO [6] [7] [8] [9] [10] [11] .
The copolymerization of different monomers is an available way of obtaining the desired properties of different homopolymers [12] [13] [14] [15] . However, in most cases, it is difficult to obtain copolymers with high molecular weights, and the reactions are not easy to operate. An effective way of obtaining copolymers with high molecular weights is to treat polymers with chain extenders. Chain extension has been widely used in polyurethane and polyester industries, in which effective chain extenders are used to link two or more polymer molecules to achieve high molecular weights [16] [17] .
Poly(ethylene succinate) (PES), and its familiar polyester poly(butylene succinate) (PBS) has a comparatively high melting point (103-106 ºC, 112-114 ºC, respectively) and good mechanical properties which are comparable with some of the extensively used polymers like low density PE (LDPE), PP, etc [18] [19] . Beside this, they had good processability and thermal stability. It was found that when PPDO was copolymerized with PBS the thermal stability can be improved [20] . Recently, Chrissafi et al [21] [22] reported that PES had better thermal stability than that of PBS. They found that the decomposition step appears at a temperature of 399 ºC for PBS and 413 ºC for PES. Therefore, the copolymer based on PPDO and PES was synthesized to further increase the thermal stability of PPDO.
In this work, the chain-extending reactions of PPDO with PES have been systematically investigated using toluene-2,4-diisocyanate (TDI) as a chain extender. The linked products of PPDO and PES (PPDOES) were characterized by 1 H-NMR, DSC, POM and WAXD. The thermo-oxidative degradation of the copolymer was also investigated.
Results and discussion
Chain-extending reaction and 1 
H-NMR characterization
In this work, PPDO and PES prepolymers were prepared prior to their chain extending reactions. PPDO prepolymers with different molecular weights were obtained from the ring-opening polymerization of PDO initiated by SnOct 2 . The polymerization processes have been discussed previously [23] . PES prepolymers with different molecular weight were prepared by the polycondensation of two monomers, succinic acid and ethylene glycol. As the conventional solvents such as chloroform, tetrahydrofuran, and toluene used in GPC measurements cannot resolve the prepolymers PPDO and the resulting polymers with higher molecular weight, we only use the intrinsic viscosities [η] of the prepolymers and the resulting polymers to characterize their molecular weight. Table 1 shows the influence of the molar ratio of monomers on the intrinsic viscosities of PES. It can be found that the intrinsic viscosity of PES varies with the molar ratio of two monomers. The highest intrinsic viscosity of PES is obtained at the molar ratio of succinic acid to ethylene glycol of 1.00:1.05 and reaction time of 8 h. As ethylene glycol was easily distilled off from the reactor during the polymerization, it was added in a bit of excess to meet the final stoichiometric balance. Although the isocyanate group reacts more preferentially to the hydroxyl group than to the carboxylic group, the other possible reactions between TDI, PPDO and PES are shown in Scheme 1 (reaction 2-4).
Tab
There are some possibility that PPDOES can be obtained by the reaction 2 (Scheme 1), when the reaction temperature at 150 0 C. We cannot separate it from the obtained product since their chemical properties was same. TDI may be reacted with PPDO and PES, respectively (shown in reaction 3-4), and these side products were removed by selective dissolution and precipitation in different solvents.
The relevant data of chain-extended products obtained at different reaction condition are tabulated in Table 2 . Compared with the corresponding prepolymers, the intrinsic viscosities of chain-extended products increased nearly one time, indicating that the chain-extender toluene-2,4-diisocyanate has reacted with the hydroxyl or carboxyl terminal groups of prepolymers. Although PPDOES still had terminal carboxyl or hydroxyl group it was not easy to further react with isocyanate group because of their higher molecular weight. Tthe intrinsic viscosity of the obtained product would have increased more than one time if this was not the case. So we can confirm that only one PPDO and PES chain was linked together using toluene-2,4-diisocyanate as chain-extender.
Tab. 2.
The intrinsic viscosities of chain-extended products obtained at different reaction conditions. Figure 1 and 2. From Figure 1 , it can be seen that TDI was also effective for prepolymers with very high intrinsic viscosity, though a longer reaction time was needed. For example, when the reaction time was as long as 8 h PPDOES with [η] of 1.88 was obtained. Otherwise, the weight ratio of chain extender to prepolymers is a key factor, which influences the intrinsic viscosity of the products. From Figure 2 , it can be seen that the intrinsic viscosity of chain-extended products increases with the increase of the weight ratio of PPDO to TDI (PPDO: TDI) at lower ratios, and almost held the line at higher ratios. It is well known that only when the number of isocyanate groups is just equal to that of hydroxyl groups in the system, all the prepolymers will be extended into one single molecular chain in an ideal state. That is to say, two NCO group of TDI can react with the hydroxyl group of PPDO, PES, respectively, to form a urethane bond, and by this way the prepolymers were linked together.
However, if TDI was in excess it can react with the urethane group to form a branched product (shown in scheme 1, reaction 5). And this side reaction was aggravated when TDI content was further increased, which make the final product crosslinked and insoluble. If we can corroborate the ratio of -OH/-NCO, we can obtain the copolymers with suitable molecular weights. Unfortunately, owing to the lower solubility of PPDO prepolymer in GPC measurements and titration test, we cannot determine its terminal hydroxyl group numbers accurately, conducing to the difficulty in determining the -OH/-NCO ratio clearly. Therefore we cannot help but substituting the weight ratio of PPDO to TDI (PPDO: TDI) for the ratio of -OH/-NCO until we find a new way to determine the accurate numbers of the hydroxyl group of the prepolymers. Although there exists a probability to form the cross-linked structures, we can exclude this possibility by measuring the intrinsic viscosities of chain-extended products in phenol/1,1,2,2-tetrachloroethane (2:3 w/w) solution due to the insolubility of the cross-linked products.
In the 1 H-NMR spectrum of chain-extended products (shown in Figure 3 ), the existence of PPDO and PES segment can be seen very clearly. The chemical shift of methylenes of PES can be seen at 4.31 and 2.67 [24] . The peaks observed at 4.34-4.37, 4.19 and 3.79-3.82 are due to the methylenes of PPDO [25] . Moreover, the very weak single peak at 2.2 and 7.03 is due to the methyl and phenyl group of TDI. Considering that PES homopolymers and its monomers have been removed from the products, we can conclude that PPDO and PES prepolymers have been linked by TDI. Figure 4 show the cooling and heating scans at 10 0 C/min of PPDO, PES and PPDOES after keeping it at 140 0 C for 5 min in order to erase its thermal history. Both PPDOES and PES prepolymers have no crystalline peak during the cooling scan, however, during the subsequent heating scan the crystallization peaks can be found at around 60 °C. The crystallization rate of PES is slow and it is difficult to detect its crystallization temperature from the cooling scans even for cooling at 5 0 C/min [26] . The structural regularity of PPDO became poor by the introduction of PES, and the crystallization rate of chain-extended products was lowered. This can be further illustrated by the POM micrographs. Therefore, the crystallization process during cooling scan cannot be found.
Thermal transition and crystalline behavior
The thermal transition temperature determined from DSC curves is listed in Table 3 . From Table 3 it can be seen clearly that T g and T m of PPDOES increased with the increase of PES content, which can be due to the higher thermal transition temperature of PES. When the weight ratio of PPDO to PES was 3:3 (sample 1), two melting peaks was found which can be clearly ascribed to PPDO respectively. When the ratio was changed to 3:2 (sample 2), two melting peaks can also be detected, however, they are not split well. As the weight ratio of 3:1 (sample 3) is concerned, only one melting peak can be found. These phenomena illustrated that the content of PES in chain-extended products plays an important role in determining the melting temperatures of chain-extended products. When the content of PES segment was low its melting point cannot be found easily, it was covered by PPDO segment due to their close melting temperature.
Fig. 4. DSC thermographs of PPDO, PES and the chain-extended products.
From Table 3 it can also be seen that all those three chain-extended products have a single T g , which ranges between the glass transitions of PPDO and PES and is closer to the homopolymer in higher proportion. However, this shift of the T g s, indicates that PPDO and PES could be miscible in the amorphous phase. If this was not the case, two distinct glass transitions corresponding to each polymer would have appeared, similar to the appearance of two melting points.
From Table 3 it can also be found that both the crystallization enthalpy (ΔH c ) and the melting enthalpy (ΔH m ) of PPDOES have great relationship with the PES segment content. Sample 1 in which the weight ratio of PPDO to PES was 3:3 had the highest enthalpy of fusion and crystallization. However, sample 2 in which the weight ratio of PPDO to PES was 3:2 had the lowest enthalpy of fusion. The value of enthalpy of fusion or crystallization can reflect the crystallinity of chain extended polymer indirectly. It is well known that the symmetry and regularity of a polymer chain, which allow close packing of polymer molecules into crystalline lamellae, favor its crystallinity. The symmetry and regularity of PPDOES was lowered because of spherulites was studied in detail by Keller [27] and Keith [28] . The single ring extinction patterns in polymer spherulites were interpreted as arising from a uniaxial indicatrix twisted about a normal to the optic axis. Banding is an extinction pattern observed between crossed polars and optically caused by a zero birefringence effect. Banding is physically produced by lamellar twisting during radial growth. It almost took 30 minute to fulfill its crystallization, which is slower than that of pure PPDO [29] .
WAXD patterns of PES, PPDO and PPDOES are shown in Figure 6 . PES shows two strong diffraction peaks at around 20.21 o and 23.42 o corresponding to (120) and (200) planes, respectively [30] . The diffraction peaks of PPDO appear at 21.86 o , 23.80 o corresponding to (210) and (020) planes, respectively [31] [32] . Both diffraction peaks can be found in the XRD curves of PPDOES, suggesting that the PPDO and PES segment reserve their own crystalline form, and have little influence on each other. Figure 7 shows the results of thermal oxidative degradation of PPDO and PPDOES. It can be seen clearly that the PPDOES has excellent thermal stability than pure PPDO. The intrinsic viscosity of PPDO is lowered from 1.78 to 0.86 at 120 ºC for the first 20 min, while the chain-extended product almost remains unchanged. Even when chain-extended PPDO was kept at 150 ºC or 180 ºC for more than 2 hours, their intrinsic viscosity only lowered slightly. Compared with our previous works [20] , PPDOES is more stable than that of PPDOBS. This illustrated that coupling with PES was suitable method to improve the thermal oxidative stability of PPDO, which is an important factor, influencing the thermal processing of PPDO.
Thermal stability

Conclusions
Toluene-2,4-diisocyanate is an effective chain extender for PPDO and PES, and those two prepolymers can be coupled with each other via the TDI. Compared with the intrinsic viscosity of PPDO or PES prepolymers, the intrinsic viscosities of the chain-extended products increased obviously. The structures of coupled products was confirmed by 1H-NMR spectrum. The glass transition temperatures and the melting temperatures of the resulting products increased with the increase of PES content. Both DSC and POM illustrated that the crystallization rate of PPDOES was slower than that of pure PPDO. The WXRD analysis shows that the chain extending or coupling reactions do not change the crystalline forms of PPDO and PES in the products. The chain-extended products had better thermal stability than PPDO. Detailed investigations on the mechanism of chain extending reaction and various properties of extended products (biodegradability and the mechanical properties as well as the thermal processing stability) with different compositions of PPDO and PES are currently underway.
Experimental
Materials p-Dioxanone or 1,4-dioxan-2-one was provided by the Pilot Plant of Center for Degradable and Flame-Retardant Polymeric Materials (Chengdu, China). The impurity was distilled off before use under reduced pressure. Ethylene glycol, succinic acid, chloroform, 1,1,2,2-tetrachloroethane, toluene-2,4-diisocyanate, phenol, benzene and tetrabutyl titanate were purchased from Haihong Chemical Factory (Chengdu, China) and used as received.
Synthesis of prepolymers
PPDO was synthesized by bulk polymerization of p-dioxanone. Ring-opening polymerization of PDO was performed in flame-dried glass reactor. The reactor was evacuated and purged with nitrogen three times prior to addition of PDO and Sn(II) octoate initiator solution with a syringe. Then the reactor was immersed in a temperature adjusted oil bath. The mixture of reactant with initiator was stirred by a magnetic stirrer for predetermined intervals. Then the reactor was rapidly cooled to room temperature. The prepolymer obtained was used without further purification.
PES was polymerized from succinic acid and ethylene glycol, using a two-step synthesis. The esterification reaction was performed in a three necked, round-bottom flask equipped with a mechanical stirrer, a nitrogen inlet, and a distillation column. The esterification reaction was carried out at 190 ºC for 2.5-3 h under a nitrogen flow with continuous removal of the released water. The polycondensation reaction was performed at 220 ºC under a 20-30 Pa vacuum using tetrabutyl titanate as a catalyst. The obtained prepolymer was used without further purification.
Chain-extending reaction of PPDO and PES
The chain-extending reaction was carried out in a glass reactor equipped with a mechanical stirrer under a nitrogen atmosphere. Varied feeding ratios of PPDO and PES prepolymer with different intrinsic viscosity was added into the reactor, and the reactor was evacuated and purged with nitrogen for three times. Then the reactor was immersed in a silicone oil bath at 150 ºC. After prepolymers were completely molten, a certain amount of toluene-2,4-diisocyanate was added. The chainextending reaction was carried out for a predetermined period, after which the reactor was immersed into ice water. Polymers obtained were repeatedly dissolved in benzene and precipitated from methanol to remove unreacted prepolymers, and then dried at 50°C in a vacuum oven to attain a constant weight.
Characterization
The intrinsic viscosities [η] of the resulting polymers were measured in phenol/1,1,2,2 -tetrachloroethane (2:3 w/w) solution using an Ubbelohde viscosimeter thermostated at 30 ºC. Thermal analysis was performed with a NETZSCH DSC 204 (differential scanning calorimeter). Samples were first heated to 140 ºC for 5 min to erase all previous thermal history, then were cooled to -50 ºC at a rate of 10 ºC/min, and finally were heated to 140 ºC at the same rate. Both the cooling scan and heating scan were recorded for analysis.
A small amount of the sample sandwiched between the slide glass and cover glass was first melted on a hot plate at 140 0 C for 5 min and was then rapidly transferred to the hot-stage equilibrated at the required crystallization temperature. With annealing for the required crystallization time, the crystallization morphology of the obtained polymer was studied with an Orthouz ⅡPol-BK (Leitz, Germany) polarizing microscope equipped with a hot-stage and a camera system. X-ray diffraction patterns were recorded with an X-ray diffractometer (Philips X'Pert X-ray diffractometer) with CuKα radition at room temperature.
The obtained copolymers (powders) was put in a temperature adjusted oven for several hours and taken out for determined intervals to measure their intrinsic viscosity in order to estimate their thermal stability.
